sets will be presented and discussed in the light of space plasma applications.
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I I I In n n nt t t tr r r ro o o od d d du u u uc c c ct t t ti i i io o o on n n n
The plasma environment that the Earth exists in is a difficult one to do experiments in. It is certainly not the best place to study basic plasma physics, but it is home for a wide variety of interesting phenomena. The principal tools in these investigations are rockets and satellites which record temporal records of field quantities at a single point. A satellite could be moving faster than the background ions, and the disturbance being recorded can rapidly sweep across the detectors, and perhaps come back for an encore.
In the past decade the quality of the instruments flown has increased enormously; there is more data flowing to the Earth than people to analyze it. Rockets and satellites cannot be used to directly measure wavenumbers, or for that matter the topology of anything. This type of experiment awaits the development of inexpensive, miniature satellites that could be flown in a flotilla.
A number of models of magnetic field geometry and current systems of the Earth's magnetopause have evolved over the past twenty years. Spacecraft data is carefully studied and cases which fit these models are identified. But every event cannot be fit into a neat category. Space plasmas are spatially non uniform, contain non-Maxwellian distribution functions and are subject to non local effects. Using paradigms which automatically equate a signal received by spacecraft with a model can be dangerous. In this paper we will present several examples of wave phenomena studied in the laboratory which are not part of the present model but could be of fundamental importance in space.
AlfvŽn Waves
AlfvŽn waves play a central role in the dynamics of many space plasmas from the solar corona to planetary ionospheres.
They are low frequency waves [AlfvŽn,1942] (below the ion cyclotron frequency) propagating in a magnetized conducting fluid, such as the plasmas found in space. These waves not only transport electromagnetic energy but communicate information concerning changes in plasma currents and magnetic field topology.
There are two very different modes of electromagnetic propagation at low frequencies, a compressional wave in which density and field strength vary and a shear wave in which only the direction of the magnetic field changes. Here we are concerned only with the shear AlfvŽn wave. In the standard MHD (Magneto-HydroDynamic) picture the shear AlfvŽn wave is particularly interesting because wave energy is transported directly along field lines.
Measurements of fluctuations in the magnetic field due to the shear AlfvŽn wave then give a direct map of the source of the wave. This picture is modified, however, when the source radiating the wave has physical dimensions across the magnetic field on the order of the collisionless electron skin depth, δ = c/ω pe (c is the speed of light and ω pe is the electron plasma frequency).
The properties of AlfvŽn waves have been the subject of several laboratory investigations (Bostick and Levine [1952] , [Jephcott, 1959] , [Sawyer, et al., 1959; Wilcox, et al., 1960],Jephcott and Stocker [1962] , Lehane, 1967a, 1967b; Lehane and Paoloni, 1971; Muller, 1973; Cross, 1988] . The first experiments on AlfvŽn waves were performed in pinches and arcs which produce high density plasmas, but suffer from high noise levels, large shot to shot variability and high collision rates. Recent studies of both the shear and compressional mode were done in a narrow, partially ionized column by Amagishi, et al. [1989 Amagishi, et al. [ , 1990 Amagishi, et al. [ , 1993 Amagishi, et al. [ , 1994 ] Wave propagation and polarization were measured but damping by neutral particles was found to significantly change the dispersion from the fully ionized case.
While these experiments establish the validity of the standard MHD picture of AlfvŽn waves, they do not address AlfvŽn wave radiation by small sources. A series of experiments on the propagation of the shear AlfvŽn wave launched by a small disk exciter has recently been reported by Gekelman, et al. [1994] .
Related experiments using localized sources, but performed in plasmas with high electron-neutral collisionality were performed by Cross in a linear machine [Cross, 1983] and Borg and Cross [1987] [Gekelman et al. 1997 ]
where s= v A /a is the ratio of the AlfvŽn velocity (v A = ÊB 2 /(4πnm + )Ê to the electron thermal speed, and ϖ is the normalized angular frequency ( ϖ = ω/Ω + ). The subscripts || and ⊥ refer to components of quantities along and across the background magnetic field respectively. Here ω p+ and Ω + are the ion plasma frequency and gyrofrequency, and ζ = ω/k || a and λ + = (k ⊥ a + /Ω + ) 2 .
The electron thermal speed is denoted by a = (2T e /m e ) 1/2 with T e the electron temperature, measured in ergs, and m e the electron mass. The ion thermal velocity a + is defined similarly with T + and M + denoting the ion temperature and mass. Z'( ζ ) is the derivative of the plasma dispersion function with respect to ζ .
The form of the dispersion relation for the shear AlfvŽn differs in two regimes which we will designate as the inertial and kinetic regimes. The parameter s 2 is related to the electron plasma beta, β e = ( 8πnkT B 2 ), as:
In our experiments the parameter s 2 is small (v A 2 << a 2 ), the plasma electron beta is larger than the mass ratio and the AlfvŽn speed is much slower than the electron thermal speed and the dispersion relation (1) simplifies to ω . E E E Ex x x xp p p pe e e er r r ri i i im m m me e e en n n nt t t ta a a al l l l A A A Ar r r rr r r ra a a an n n ng g g ge e e em m m me e e en n n nt t t t Experiments on AlfvŽn wave propagation were conducted in the LAPD (L L L LA A A Arge P P P Plasma D D D Device) at UCLA (University of California, Los Angeles). The LAPD is a large cylindrical stainless steel chamber one meter in diameter, ten meters long, surrounded by 68 pancake magnets. The machine is ideal for studying AlfvŽn waves because of its large physical size, dense plasma and substantial magnetic field. The LAPD plasma column is 50 cm in diameter and 9.4 meters in length. The experiments reported here were performed in a He plasma with a uniform 1.1-1.32 kG magnetic field at a densities of up to 2.6 x 10 12 cm -3 . Plasma densities are measured using both Langmuir probes and a 70 GHz microwave interferometer.
The LAPD plasma is produced by a DC (direct current) discharge using an oxide (BaO) coated nickel cathode. The chamber is filled with helium neutrals at a pressure of 2. x 10 -4 Torr.
Plasma is produced by pulsing the cathode negative ( ≈ 66 V) with respect to a wire mesh anode located 60 cm from the cathode. The discharge pulse is repeated at a rate of 1 Hz to allow for efficient signal averaging and data processing. The discharge pulse typically lasts 5-10 ms after which it is terminated. The experiments reported here were done in the active discharge. Plasma electron temperatures of about 10 eV are achieved during the discharge. An effect which must be considered in dealing with low frequency waves is the collisionality of the plasma. Collisions become important when k || λ mfp is of order unity or less (λ mfp is the mean free path). This criteria depends upon the wave frequency, plasma temperature and the type of collision process considered.
In the LAPD, collisions of electrons with Helium neutrals is negligible because the plasma is highly ionized .
Electron-ion Coulomb collisions, on the other hand, are an important effect because the LAPD plasmas are dense and not very hot (due to the limited energy confinement time in a linear device). In the typical discharge plasma the electron-ion collision frequency is about 1. x 10 6 sec -1 . The shear AlfvŽn wave transports energy directly along the magnetic field (no perpendicular group velocity) if k ⊥ is zero. For non-zero k ⊥ magnetic energy is transported across the magnetic field. The amplitude of radiation generated at a particular k ⊥ depends upon the size of the source radiating the wave. Small sources radiate more energy across the magnetic field than large sources. A large source is one with a physical size in the direction across the magnetic field much larger than the electron skin depth, δ , while a small source is one with physical size on the order of δ .
A large source produces wave energy at small values of k ⊥ (k ⊥ δ << 1), while a small source radiates waves at large values of k ⊥ (k ⊥ δ ≈1).
In the experiments reported here, AlfvŽn waves were radiated using small sources consisting of semi-transparent wire mesh disks with radii on the order of δ . Assuming azimuthal symmetry, the magnetic field radiated from these wire mesh antennas has only a component in the azimuthal direction, r B = B θ r, z ( )ê θ . The spatial dependence of the radiated magnetic field is given by an integral expression involving the first order Bessel function J 1 [Morales, et al.,1994] ,
where I 0 is the oscillating current to the disk antenna and the disk radius is denoted by r d . The dependence of parallel wave number on perpendicular wave number ( i.e., k | | k ⊥ ( ) ) is found by solving the dispersion relation given in Eq. 1.
According to Eq. 4, at any fixed axial position away from the disk exciter, the expected radial profile of the magnitude of the wave magnetic field has three characteristic features. First, the field is always zero at the disk center. Second, it increases with radial distance away from the disk center and reaches a peak value. The radial location of the peak value increases with axial distance away from the exciter. Third there exists a radial position, r edge (the location of the outer AlfvŽn cone) beyond which the field decreases as 1/r. The 1/r decrease outside r edge indicates that the oscillating wave currents are confined to r < r edge . At a fixed radius larger than r edge ( i.e., outside the AlfvŽn cone) the magnetic field has the same value at all axial locations. In reporting our observations we compare the measured magnetic field profiles to the theoretically predicted profiles as given by Eq. 4.
2 2 2 2. . . . R R R Re e e es s s su u u ul l l lt t t ts s s s
We now present our observations of the radiation of AlfvŽn waves from small disk antennas. Generally, we find the radiated field behaves in the expected fashion. We first briefly present observations of AlfvŽn waves radiated from a single disk exciter [Gekelman et al , 1997] , verifying the spreading of magnetic energy across field lines . Typically, the AlfvŽn wave radiation spreads slowly across the magnetic field because k A δ<< 1, but wave currents and their associated magnetic fields do indeed broaden across the ambient magnetic field. This spreading can be significant at large distances from the source of excitation. Next, we present the results of radiation from multiple sources to show the effects of constructive and destructive interference on determining the wave pattern.
a a a a) ) ) ) R R R Ra a a ad d d di i i ia a a at t t ti i i io o o on n n n f f f fr r r ro o o om m m m a a a a s s s si i i in n n ng g g gl l l le e e e----s s s sm m m ma a a al l l ll l l l d d d di i i is s s sk k k k a a a an n n nt t t te e e en n n nn n n na a a a. . . These laboratory findings bear directly upon those space plasma processes which involve field-aligned currents, fluctuating at frequencies below the ion cyclotron frequency, with cross-field scale lengths on the order of the electron skin depth. These types of situations can be expected to be found in boundary regions or regions where the plasma density or magnetic field configuration is changing rapidly in space. Examples of such regions are the magnetopause, the plasma sheet boundary layer, and the auroral current regions. Recently the Freja satellite (Lundin et. al., 1994a) has observed what its team calls Solitary Kinetic AlfvŽn Wave Structures (SKAWS). These intense electromagnetic bursts with ( ∆E ∆B )c ≈ V A were observed with electromagnetic energy comparable to the background particle energy. The waves observed by Freja are structured at the electron inertial length and could be directly related to the results reported here. Indeed low frequency fluctuations in the magnetic field that have been interpreted as AlfvŽn waves have been observed by a sounding rocket [Boehm, et al., 1990] and satellites [Chmyrev, et al., 1988; Lundin, et al.,1994b ].
These observations have been associated with short scale length, cross-field density gradients and electron precipitation.
Finally the three dimensional wave current has been derived from the data. In the case of a plane wave and a single exciter the current closes at infinity. It is observed that the current in this experiments closes across the field on distances comparable to the width of the channels of current which propagate along z (j z ). The cross field current is presumed to be carried by the ions and is observed to be significantly smaller than the the parallel current but is spread over a greater volume than j z . . . . 
